This paper describes a new approach to optimisation of railway track maintenance and renewal works via genetic algorithms. Decision support systems and genetic algorithms are used in this study to optimise railway track maintenance and renewal activities. The results obtained in the scope of this study show that planned maintenance and renewal management systems can be developed and successfully used instead of resorting to corrective maintenance activities. Optimizacija održavanja i remonta željezničkih kolosijeka primjenom genetičkih algoritama Rad opisuje novi pristup optimizaciji radova na održavanju i remontu željezničkih kolosijeka pomoću genetičkih algoritama. U istraživanju su primijenjeni sustavi za potporu u odlučivanju i genetički algoritmi radi optimizacije radova na održavanju i remontu željezničkih kolosijeka. Rezultati istraživanja su pokazali da je moguće razviti sustav za upravljanje radovima planskog održavanja i remonta te ga uspješno primijeniti umjesto korektivnih radova održavanja. 
Introduction
Every year, railway organisations spend large amounts of money for rail track maintenance and renewal works to ensure proper serviceability of the railroad network. According to statistics, average annual maintenance and renewal (M&R) expenditures per 1 km of tracks revolve around €50.000 for West-European networks. For that reason, it is essential to properly understand behaviour of every single railway infrastructure element to keep the railway infrastructure in a satisfactory condition, [1] . Railway organizations generally use different M&R techniques depending on their existing facilities. Generally, there are two types of interventions during the lifetime of a railway system. These are corrective maintenance and preventive maintenance activities. Railway organizations realize corrective maintenance whenever a failure happens, such as replacement of a broken railway track component. Preventive maintenance is realized periodically according to a pre-determined schedule, such as ballast cleaning or integral renewal. However, railway organizations use traditional methods targeting corrective maintenance. Generally the track geometry and components are monitored and afterwards the track components are renewed when they deteriorate, the aim being to achieve the required quality level. As a result, the quality of railway investment and maintenance, which is the only key factor for railways, is ignored. The quality of railway investment and maintenance means that the operator is able to identify, schedule and plan capital work, maintenance and renewal activities. The responsibility stays with the infrastructure operator, who should manage the implementation effectively. Track maintenance and renewal works carried out at the right time are crucial to realize an efficient and optimized maintenance and renewal work plans, and hence to increase the life of track components. As railway tracks get older the maintenance and renewal costs increase exponentially. The efficiency of railway systems can therefore be increased by cost reduction and better control of maintenance processes. A modern railway infrastructure maintenance management system requires a diagnostic concept, meaning a condition-based approach, as well as the criticality and urgency analyses of all key infrastructure components. Railway organizations can achieve an efficient maintenance and renewal management situation by performing an optimization between maintenance and renewal works, as well as an optimization enabling achievement of spatial and temporal coherence of the works. Several mathematical models for railways can be used to achieve effective and efficient maintenance. The development of the application tool technology (involving both software and hardware) has enabled development of the decision support systems (DSS) incorporating new computational maintenance optimization models such as genetic algorithms (GA). Decision support systems are technologies that enable provision of accurate knowledge to accurate decision makers, at accurate times, in accurate form, and at accurate costs. A proper decision support system helps asset managers in making the best decision with regards to financial limitations and other dominant constraints imposed upon the problem at hand [2] . A decision support system is a computer-based system that represents and processes knowledge in the ways that allow decision making to be more productive, agile, innovative, and/or reputable [3] . Over the years, it has been proven that the decision making procedure has been mostly represented as if-then-else rules depending on the nature of the decision support system. The rules are developed by relevant experts and the working procedure of the system is incorporated in expert systems. The quality of the decision support system depends on both the quality and extent of knowledge contained in the system [4] . Over the years, considerable progress has been made in developing railway track M&R planning systems, not only by railway organizations, but also by specialist institutes and universities. These research activities have been carried out in the U.S., Canada, Japan, and Europe. More detailed information can be found in ERRI D 187/RP 1 report [5, 6] . In addition, Deluka-Tibljas et al. (2013) considered the complex issue of making transport infrastructure decisions in urban areas. They analysed the use of multicriteria-analyses in this process. The analyses were carried out by a multicriteria-analysis technique. The analyses covered the planning, design, maintenance, and rehabilitation of transport infrastructure. Finally, the authors presented conclusions on the possibilities, advantages, and limitations of the use of multicriteriaanalysis methods, with the purpose of improving quality of decision making regarding transport infrastructure in urban areas [7] . Nonlinear mixed integer models are difficult to solve. Soft computing based approaches have been commonly used to deal with such issues. In this article, a genetic algorithm (GA) is proposed to optimize railway track M&R Works. The GA is a strategy that models the mechanics of genetic evolution. Main characteristics of the GA are based on the principles of adaptation and survival of the fittest [8] . GAs are a kind of numerical optimisation algorithms inspired by both natural selection and genetic recombination. The method can be applied to an extremely wide range of problems. The algorithms are simple to understand and the required computer code is easy to write. A possible solution to a problem is referred to as an individual. An individual is represented by a computational data structure called a chromosome encoded using a fixed length alphabet. Species are individuals with a common characteristic, and niches are subdomains of the search space. By encouraging niching and speciation, GAs can facilitate simultaneous convergence to more than one optimum in a multimodal search space [9] . Literature studies have shown that the track maintenance work plans are generally generated using deterministic methods. There are also a few examples of different track maintenance planning techniques. For instance, Grimes (1995) planned track maintenance work using genetic algorithm (GA) and Genetic Programming (GP) methods, with profit as the optimisation criterion. Grimes compared the results with an existing deterministic technique. It was established that the GP method gives the best results, with the GA method giving good results for a short section, and poor results for a long section of track [10] . Milajic et al. (2011) described the methodology for using genetic algorithms in solving problems of optimum assignment of tasks to construction machinery operators, aimed at achieving GRAĐEVINAR 68 (2016) 12, 979-993
Optimisation of railway track maintenance and renewal works by genetic algorithms maximum efficiency. A special emphasis is placed on the influence of human factor (operator competence) on the efficiency of the system [11] . More specifically, an optimisation of railway track M&R works by genetic algorithms is described in the paper. The developed system is basically a condition-based system that uses measured data gathered on the track. The system analyses the track using its comprehensive database, which includes decision rules developed by the track specialist professionals. The developed system is a kind of expert system that uses human information and knowledge captured in computer to handle a problem. Thus, the development of an expert system can effectively help engineers to control and analyse such problems. In this study, a Turkish State Railways (TCDD) railway track between Arifiye and Eskisehir, 180 km in length, was taken into consideration, and the suggested model was used. The railway track between Arifiye and Eskisehir was divided into 720 "analytical segments" (AS). The proposed genetic algorithm based decision support system was implemented as an optimisation tool, and positive results were obtained.
Developed system approach
The applications and basic techniques of the developed system are described in this chapter. The developed system is a condition based decision support system that contains a rich M&R rule database, through which decisions are made as to which and what kind of M&R works are necessary for the railway track. In this study, track M&R works envisaged by TCDD were investigated and the most important M&R works were defined by considering Turkish railway experts' knowledge and experience in cases when required data were unavailable. For this purpose, the TCDD railway experts shared their knowledge and experience for the design and the development of this system. The survey experts were selected from the TCDD General Directorate, regions, divisions, and subdivisions.
The participants were a mixed group of engineers and technicians, most of them working at the TCDD track department. Based on the expert decisions, the railway maintenance and renewal activities given in Table 1 were considered. These works were classified as "maintenance" and "renewal" and an appropriate abbreviation was assigned to each activity. Track class, track layout, operational data such as speeds and axial tonnage, reference values and limits, number of trains, loads and cumulative loads, age, material types, condition of substructure, M&R history, measurements such as track geometry, accelerations and noise, number of failures, number of damaged components, condition indices, service indices, standard deviations, statistical distributions, costs etc. were defined by experts as parameters to develop decision rules for each type of M&R activity. Some of the parameters based on analytical segments (AS) and maintenance segments (MS) are calculated by the developed system. The analytical segments (AS) were created by considering railway track properties such as the type of rail, gradient, speed, etc. Maintenance sections (MS) were constituted by combining series of analytical segments. These data, both inputs and outputs, are used within the M&R rule algorithms. However some further intermediate data were sometimes produced in the process. During the rules' development process, three main levels, namely the Alert Limit (AL), Intervention Limit (IL), and Immediate Action Limit (IAL), were considered. The detailed information on limit values can be found in the following sections. Simple rules were defined for each type of M&R operation by using relevant data. For example: IF Track Data (1) ≥ Limit value (1) OR Track Data (2) ≥ Limit value (2) OR Track Data (3) ≥ Limit value (3) ... THEN Work type, Date. Uncertainties arising from the lack of knowledge on threshold values were also eliminated using expert judgement [6] . The system structure of the developed model is presented in Figure 1 . Generally, the principal objective is to identify the M&R requirements in order to classify them into appropriate categories [5] . Similarly, the developed system provides analyses in five stages. In the second stage, the ASs and MSs are comprehensively analysed to determine the necessary M&R works and their respective urgency. This stage is based on detailed data, which are threshold values, decision rules and deterioration models, and M&R predictions are made for medium and long periods. The development of decision rules for railway track components is presented in Chapter 4. The third stage of the system is reserved for coherence analyses based on the decision rules about the time and space coherence between the M&R operations during the following and planned years. Two main classes of coherence rules were considered: time bounded rules and location bounded rules. The time bounded rules group together maintenance or renewal work depending on location. The location bounded rules group together maintenance or renewal work depending on time. These two main classes of coherence rules are shown in Figure 2 . The fourth stage of the system is the optimisation stage. At this stage, genetic algorithms are used to produce optimal M&R works. This stage takes the result of the coherence stage and assesses the technical and economic feasibility of the M&R operations, taking into account various managerial and resource allocation constraints. This stage enables users to proceed to the final M&R planning based on technical constraints (machines, staff, and time) and economical constraints (funds for M&R works) provided by the systems. The system proposed Optimisation of railway track maintenance and renewal works by genetic algorithms in this study calculates the cost of works taking into account equations given in Section 4.5. The system is also capable of producing calculations on the discounted cash flow method. During the optimisation procedure, different types of maintenance and renewals works are regrouped due to some economic constraints (i.e. sleepers and fastenings renewal work is regrouped with rail renewal or vice versa.). The interaction between M&R works due to some technical constraints (i.e. rail grinding is moved just after sleepers and fastenings renewal work) is also considered in this stage. The system design is presented in Figure 3 . A detailed explanation of the application of genetic algorithms at the optimization stage of the system is provided in Section 4. The fifth stage is the final evaluation stage. The evaluation stage of the system provides the users with the data needed for the overall management of M&R operations of the railway network. The obtained optimal M&R works can be compared with the associated risks estimated at this stage. The organizational performance or the capacity of the railway organisation can also be examined at the evaluation stage. Scenarios analyses, which are an integral part of situation analysis and long-range planning, enable operators to estimate probable effects of one or more variables. This stage enables full use of track data and obtained results in statistical analyses, "What if ?" simulations applied to track quality, definition of track life cycle costs, budgeting, M&R policies, etc.
A) Track maintenance

Decision rules for track maintenance and renewal
The decision rules were developed on the basis of standards (BS EN 13848, BS EN 13450, UIC 719 and UIC 714), deterioration models, and expert decisions. Track geometry and track components, i.e. rails, sleepers, and track bed layers, and their maintenance or/and renewal threshold values, are described on the basis of analytical segments.
Track data are generally extracted from basic units of sections, which are known as "analytical segments" (AS). The segmentation process used in this study is explained in Figure  4 . Track recording cars store the data along the track, and then these data are collected into small maintenance sections (MS). Measurement, inspections, works carried out, and infrastructure data, are obtained for every MS. Finally, the information needs further aggregating into longer "route" sections to enable Network-scale assessment of the quality and consequential M&R needs [14] .
Track geometry
The quality of track geometry is defined by assessing deviations from the mean or designed geometrical characteristics of specified parameters in the vertical and lateral planes [14] . The track geometry exerts an influence on all track components and their service lives [15] . In this study, three indicators are taken into account to describe the quality of track geometry: extreme values of isolated defects, standard deviation over a defined length (AS), and mean value over AS. Track quality indicators relating to comfort, reliability and safety must be calculated and checked with predefined limit values. Any excess of the limit values must result in an intervention. Three main levels of track geometry parameters were defined separately according to EN 13848-5 in terms of three indicators [16] . Besides track geometry parameters, other parameters contributing to vehicle track interaction and ride quality were also considered during the M&R rule development. Accelerations of bogies and vehicle floor are important data for rail grinding or rail renewal decisions, as well as for running safety and ride comfort of railway vehicles. Threshold values for the accelerations currently used at TCDD are given in Table 2 [17]. A numerical quality index is required to represent the condition of track geometry. A review of available literature shows that various railway organizations use different approaches for development of track geometry indexes [18] . The main condition indices are calculated based on detailed track inspection via recording car measurements. In this study, the Q-value is calculated as shown in [17, 19] , equation (1) The standard deviation of interaction is calculated as a combined effect of the cant and the side position of the rail. The Cvalue is calculated for a longer track section and is expressed as presented in [17, 19] , equation (2): (2) where: C -Condition index TU -Total length of track considered -sum of track length where all the s values are below the comfort limits for a given track class [17] .
The values of QI and C coefficients exceeding the intervention limits are given in Table 3 . These condition indices were considered during the M&R rule development. 
Rails
Railway track M&R activities always involve rail renewal because of breakages or damage resulting from traffic load, time, and/or manufacturing defects. The following data were gathered to monitor behaviour of rails: general information, accurate location of defect in the track, date, defect detection method, characteristics of line and track, characteristics of rail, characteristics of welds or resurfacing, code number of defect, action taken, and description of failures. Three definitions, i.e. damaged rails, cracked rails and broken rails, were used for rail defects in accordance with the UIC 712 rail defect coding system [20] . For M&R operations, the following expressions were used to make the recommendations more easily understandable by maintenance staff: -Keep rail under inspection (AL), -Removal of the rail (IL), -Prohibition of traffic and immediate removal of the rail (IAL).
Rail measurements obtained from various sources and the rail failure limit values were transferred into the developed DSS's database. These are: rail headwear (mm), side wear (mm), head 
where:
The shape parameter β has an effect on the failure rate of a component. The scale parameter η is also known as the characteristic life of a component. The decisions rules were developed based on β and η parameters, as shown in Table  4 [21]. Lubrication of wheel flanges and rails is an effective solution for reducing wear loss of material from cross-section of rail and wheels, especially at sharp curves. Generally, annual grease consumption for rail lubrication ranges between 0.7 and 2.5 kg/km. In this study, the following parameters were adopted as decision rules for rail lubrication: number of trains, track curvature, number of rail failures, cumulative loads, and Weibull distribution parameters.
Sleepers
Decisions related to sleepers are based on the data stored in the database (age, type, tonnage, etc.), geometry measurements by track recording cars, and results of visual assessment of sleepers. In Turkey, railway sleeper visual inspections are currently performed manually by human operators, i.e. a railway worker walks along the track and visually examines each sleeper, [17, 23] . Two most frequent defects of concrete sleepers are cracks and surface defects (TCDD 2009). The wooden and concrete sleeper condition data for TCDD network are presented in Tables 5 and 6 , respectively. The studies carried out on different track constructions show that the wear/damage of wooden and concrete sleepers is insignificant over a relatively long time, but that it increases very fast in the final period. Thus, this phenomenon is strongly non-linear in character.
The exponential distribution is a frequently used distribution in reliability engineering. It is used to model the behaviour of units having a stable failure rate. Mathematically, the one-parameter exponential probability density function (pdf) is given by [24] expression (4): (4) where: f(t) -density function λ -scale parameter (hazard rate) t -time.
The one-parameter exponential cumulative density function (F(t) or cdf) is given by expression (5):
The one-parameter exponential reliability (R (t)) function is given by expression (6):
General condition of sleepers may be defined as a Present Serviceability Index (PSI). In this study, the one parameter exponential cdf was modified and the following equation was used to determine the PSI value for sleepers [5, 17] :
where: M -cumulative load or time M L -cumulative load or age limit k f -age (or cumulative load) adjustment factor.
The PSI values were also taken into account during the M&R operations for sleepers. The PSI values were obtained from statistical analyses and expert decisions. The limit PSI values are given in Table 7 , where parameters required to calculate the PSI value are also given. 
Track bed layers
Track bed layers have an important role in track performance, namely with respect to track support stiffness, maintenance of track geometry, and drainage. The general term of track bed layer refers to both ballast and sub-ballast layers. In this study, Figure 5 was considered for track structure during the data collecting process. Terms such as general maintenance, renewal, routine maintenance, remedial works, strengthening and improvements of railway track bed, were used to define maintenance of earthworks and track bed on existing lines. Earthwork is a general term applying to cuttings, embankments and composite cross sections. In this study, the substructure was classified according to following terms: Geotechnical classification of soils, Classification of soils according to bearing capacity and frost susceptibility of soils [25] .
A good quality ballast must be made of well-graded aggregates. However, over time, the presence of dust and fine particles in ballast layer leads to track settlement and drainage problems. Reference values for ballast and sub-ballast are given in Table 8 . These values were considered when making the M&R decisions. In addition, the ballast standard, which is EN 13450, was taken into consideration during development of decision rules [26] . Table 8 .
Reference values for ballast and sub-ballast
The annual average number (l m ) of tamping operations can be statistically calculated as a function of track age for a given category of traffic. Thus a curve describing the annual average number increasing over time (f(T)) can be presented as follows: Where: E -modulus of elasticity, ν -Poisson coefficient, c -cohesion, ϕ -friction angle and γ -specific weight. GRAĐEVINAR 68 (2016) 12, 979-993
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The number of tamping operations ( ) for a given age may differ from the annual average number ( ) of tamping operations. In this situation, the track bed maintenance coefficient (k) for a particular track section can be defined as: (9) When exceeds a certain threshold value ( = 6), then track geometry standards can no longer be fully maintained; it will then be necessary to carry out other work in order to bring down the k value, [25, 27] . The track bed maintenance coefficient k is known at all times because detailed records are kept about levelling operations. Factor k reaches higher values if foundations are very poor. However, in average cases, the value of this coefficient is considered to be equal to one. This value and other observations made during line inspections determine the measures that are required for: routine maintenance, any localised actions, and renewals. Limit values for k and relevant decisions are given in Table 9 . Table 9 . Track bed maintenance coefficient
Life cycle costs
The life-cycle cost (LCC) takes into account all costs associated with the life time of the system, such as operating costs, maintenance costs, energy costs, and taxes apart from capital costs [28] . The LCC is an effective engineering tool for providing decision support in the design, procurement and maintenance of major systems. Consequently, the LCC analyses were included into the developed system. Curves with different radii and engineering structures (tunnels, bridges etc.) were considered in this study to associate maintenance costs with railway track. Railway tracks are exposed to lateral forces in curves. Consequently, the deterioration rate is higher in sharp curves and the replacement of track components occurs too frequently. Thus, the railway track was divided into different maintenance sections depending on the curve radius, i.e. 0-200 m (R c = 1), 200-400 m (R c = 2), 400-600 m (R c =3), and so on. Curves with the radius of more than 1800 m were considered as straight track. -discount rate S -number of engineering structures R -number of curve radius classes N -life period of track in years. (11) where: C RLs -additional rail lubrication cost due to s th engineering structure, [ 
Rail lubrication cost
Genetic algorithms for track maintenance and renewal
As presented previously, the railway line is generally divided into analytical segments (AS) for track geometry deterioration models. In addition, these segments are combined to constitute longer sections called maintenance sections. The analitical segments were considered as genes and maintenance sections were considered as chromosome structures. Genetic algorithms work by setting a population of chromosomes, which is a set of potential solutions to the optimization problem. A chromosome structure is basically an abstract representation of a railroad. Every railroad section matches a gene (part of a chromosome) in the chromosome structure ( Figure 6 ). The following data were collected for each analytical segment: track structure, traffic characteristics, track layout, environmental factors, and track geometry and maintenance and renewal data. The developed system produced M&R activities for each analytical segment on the basis of developed rules. Each gene in a chromosome consists of a list of maintenance or renewal operations for that section. The chromosomes consist of numbers "1" and "0". If the AS requires a maintenance or renewal activity then it assumes the value of "1", otherwise it is "0" (Figure 7 ). Optimization is the process of adjusting the inputs to characteristics of a device, mathematical process, or experiment to find the minimum or maximum output or result (Figure 8 ).
The input consists of variables; the process or function is known as the cost function, objective function, or fitness function; and the output is the cost or fitness.
Figure 8. Optimisation process
The fitness is defined in such a way that highly fitted strings have high fitness values, and it is used to evaluate every individual in a population. It should be noted that fitness is the only link between genetic algorithms and the problem to be solved, and it is the measure for selecting an individual to reproduce for the next generation [12, 13] .
In maximization problems such as the maximization of some profit or utility function u(x), if u(x) < 0 for some x, by introducing C min and satisfying u(x) + C min > 0, the fitness functions should be defined as f(s) = u(x) + C min . However, the value of C min is not known in advance; C min may be taken as the absolute value of the smallest u(x) value observed thus far, in the current population, or the t generations. Hence, in maximization problems the fitness of a string s is defined as [12] equation (19) where: f(s) -fitness function u(x) -utility function C min -cost function.
The fitness function design was conducted according to the distance to the actual solution. The actual solution was calculated from previously mentioned measurement values and railroad rules. Measurement values were used as input parameter to the rules, and every rule was applied to every railroad section to get the actual result. The resulting ideal This list is used to compare individual chromosomes and calculate the distance between the actual solution and a randomly generated chromosome. In Figure 9 , the fitness (N i ) corresponds to the number of M&R activities.
Figure 9. Fitness function
The GA begins with a group of chromosomes known as the population. The population is an abstract representation of the solution space. Population members are randomly filled chromosome structures. The reproduction or selection is conducted to select the individuals in the population who will create offspring for the next generation, and to define how many offspring each will create. There are many ways in which this can be implemented. A commonly used method is the so called roulette selection, originally proposed by Holland [13] . The basic idea is to determine selection probability for each individual proportional to the fitness value. Namely, in roulette selection, the fitness f i ( ≥ 0), i = 1,..., n of each individual i and the whole sum , is calculated. The selection probability, or survival probability of each individual i, is determined as [13] equation (20) where: p i -probability of i th individual f i -i th fitness value f j -j th fitness value n -number of individuals.
The population size has a direct effect on the solution and performance of the system. High population size results in higher accuracy of results, but the performance is lower. If the population size is reduced, the result may not be accurate but the performance will increase. The crossover operation is used to create new generations from existing individuals. This is used to combine the best properties of every gene in one chromosome. This operation is especially done by swapping one or more genes of the chromosomes. A crossover operation is designed to maximize the fitness value of the child chromosome (Figure 10 ). After the crossover operation, the fitness function is executed on the resulting child chromosome. The calculated fitness value is compared with the existing fitness values in the population. If the child chromosome has lower fitness value compared to other existing chromosomes, then the child is discarded from the population. Otherwise, the chromosome stays in the population to create new individuals. The mutation operation is implemented after the crossover operation. The aim of the mutation operation is to modify the randomly chosen properties of the existing chromosome structure. This operation aims to prevent the solution from getting stuck in a local minima. It is not applied to all chromosomes. Mutation chromosomes are chosen randomly from the population. A couple of genes of an individual generated through crossover are changed in order to prevent the results. In Figure 11 , a gene which undergoes the mutation process appears as a result of the mutation of randomly chosen genes of the individual generated through crossover. This design is used in order to avoid misleading results by preventing decrease to local minimum in populations having big numbers of chromosomes. Mutation process is not implemented for each and every individual. This process is conducted randomly on some chromosomes, i.e. all individuals are not allowed to undergo the mutation process. 
Case study
The developed system was successfully implemented at TCDD with the help of local personnel. The required data were transferred into the system database from the existing databases and data collection systems. General properties of the analysed railway tracks are presented in Table 10 . For the historical track geometry data, the no-contact track recording car measurements were used. The recorded track geometry data, consisting of profile in the left and right rails, and alignment in the left and right rails, the twist and gauge were recorded by the recording cars every 25 cm with the chord length of 18.9 m. TCDD has been using portable measuring devices to collect the data concerning rails and sleepers. TCDD also has a geotechnical laboratory to test materials for track bed layers.
The results with input data consisting of 80 analytical segments corresponding to a maintenance section are summarized in Table 11 . The first column represents the AS. The second column represents optimum (unconstrained) solutions produced by rule interpreter. The last column represents solutions provided by genetic algorithm. The GA based optimisation method produced different M&R works for about 20% of the sections shown in Table 11 , as related to the optimum solution. Similarly, the GA based optimisation method produced different M&R works for other sections. In total, the GA method produced different results for about 17% of the 720 analytical segments, when compared to the optimum solution.
As mentioned above, all necessary railway track data were used in the GA method. The GA method used probabilistic transition rules instead of deterministic rules, and it worked with a parameter set coding, rather than with parameters themselves. In addition, it searched in a population of points, rather than in a single point. Consequently, the GA optimisation method produced best solutions for the segments with the given constraints.
Conclusions
The proposed genetic algorithm based decision support system for railway track M&R management was implemented as an optimisation tool. The developed system supports the conditionbased M&R management system and uses all necessary trackrelated data. The system has mostly fulfilled the expectations by providing a solution to the difficult problem of maintaining track at the required quality level while keeping costs at a minimum level. Genetic algorithms, which are a strong adaptive optimization method based on biological principles, were used to optimise railway track M&R works. Genetic algorithms were successfully applied in this study and reasonable results were obtained. Results obtained in this study show that, with an optimum choice of population size and time, a best solution in terms of track M&R can be obtained for given constraints. More accurate solutions can be obtained with an increase in sensitivity of reference data. The developed optimisation system has a capability of renewing itself over time. The users will have a chance to change some rules or include some new rules to adapt the system to the real-life settings. The developed system comprises conventional ballasted railway tracks. Due to the low M&Rs, slab track system requiring much higher investments is an alternative to ballasted railway tracks. The slab track has been in widespread use in Turkey for street-running systems, light rails, and metro systems. TCDD is planning to use the slab track system in tunnels and on elevated structures for both conventional and conventional high-speed lines. This aim is going to require a combined M&R plans involving different types of traffic (high speed railways, light rail systems, etc.) and different types of superstructure (slab tracks, etc.). Thus, the developed system is going to be adapted to the new decision environment.
